A wide-ranging examination of plastid (pt)DNA sequence homologies within higher plant nuclear genomes (promiscuous DNA) was undertaken. Digestion with methylation-sensitive restriction enzymes and Southern analysis was used to distinguish plastid and nuclear DNA in order to assess the extent of variability of promiscuous sequences within and between plant species. Some species, such as Gossypium hirsutum (cotton), Nicotiana tabacum (tobacco), and Chenopodium quinoa, showed homogenity of these sequences, while intraspecific sequence variation was observed among different cultivars of Pisum sativum (pea), Hordeum vulgare (barley), and Triticum aestivum (wheat). Hypervariability of plastid sequence homologies was identified in the nuclear genomes of Spinacea oleracea (spinach) and Beta vulgaris (beet), in which individual plants were shown to possess a unique spectrum of nuclear sequences with ptDNA homology. This hypervariability apparently extended to somatic variation in B. vulgaris. No sequences with ptDNA homology were identified by this method in the nuclear genome of Arabidopsis thaliana.
Introduction
Sequences of plastid and mitochondrial origin contribute to complexity of the higher plant nuclear genome (Timmis and Scott 1983; Stern and Palmer 1984; Blanchard and Schmidt 1995; Thorsness and Weber 1996) . These so-called promiscuous DNA sequences are thought to have arisen via transposition of plastid and mitochondrial nucleic acids to the nucleus and subsequent integration into the nuclear genome.
The nuclear integrants appear to result from a key component of the evolution of eukaryotic cells which allowed the formation of plastids and mitochondria from once free-living ancestral prokaryotes. The extant small genomes of these cytoplasmic organelles are remnants after the relocation of gene function from the ancestral prokaryotes. The operative genes appear to have been relocated either by functional replacement by existing nuclear genes or by physical gene transfer, and it is the latter which may account for the observation of promiscuous DNA. Both processes have been accompanied by deletion of the endosymbiont genomes, which has resulted in a heavy dependence of both mitochondrial and chloroplast biogenesis on nuclear genes. There is strong molecular evidence (Bauldauf and Palmer 1990 ) that such gene transfers have occured, and they have also been achieved experimentally in both mitochondrial (Gray et al. 1996) and chloroplast (Kanevski and Maliga 1994) systems.
Plastid (pt)DNA sequence homologies have been identified within the nuclear genomes of spinach (Timmis and Scott 1983; Scott and Timmis 1984; Cheung and Scott 1989) , tomato (Pichersky and Tanksley 1988; Pichersky et al. 1991) , tobacco Timmis 1992a, 1992b) , potato (du Jardin 1990), and five mem-bers of the family Chenopodiaceae (Beta vulgaris, Chenopodium album, Chenopodium quinoa, Atriplex cinerea, and Enchyleana tomentosa) (Ayliffe, Timmis, and Scott 1988) . In addition, comparisons of chloroplast (a member of the plastid family), mitochondrial, and nuclear sequence databases revealed 19 independent organellar DNA insertions in 15 nuclear genes, with inserts ranging in size between 38 and Ͼ785 (Blanchard and Schmidt 1995) .
Nuclear sequences of plastid origin show considerable variation between species in terms of both size and copy number. An estimated 5-10 copies of the plastome are present within a haploid nuclear genome of spinach, arranged as a series of small integrants (Scott and Timmis 1984) , some less than 60 bp in length (unpublished data). The tomato nuclear genome apparently contains fewer sequences of plastid origin, which are also dispersed throughout the genome as a series of small integrants (i.e., 107-202 bp) (Pichersky and Tanksley 1988; Pichersky et al. 1991) . Conversely, the tobacco nuclear genome contains multiple ptDNA integrants (i.e., Ͼ100 copies of a single plastid sequence) which can be in excess of 18 kb Timmis 1992a, 1992b) .
Little is known about the pervasiveness of integration of plastid-like sequences into the nuclear (n)DNA of higher plants. A wider examination of promiscuous plastid sequences was therefore undertaken in an attempt to assess the extent of sequence variability both within and between plant species.
The nuclear genomes of many higher plants are extensively methylated at cytosine residues (Doerfler et al. 1990; Jeddoloh and Richards 1996) , whereas the ptDNA generally appears to be unmethylated (Scott and Possingham 1980) . Of the few reports of ptDNA methylation in higher plants, all have shown that, where methylation occurs, it involves very few sites within the plastid genome (Ngernprasirtsiri et al. 1989) . We have exploited these distinct methylation states to allow the separation and recognition of plant ptDNA and nDNA by differential digestion with methylation-sensitive restriction enzymes. The following experiments survey 10 Plant Nuclear DNA Sequences Similar to Chloroplast DNA 739 FIG. 1.-Hybridization of a chloroplast DNA probe to total DNA from leaf tissue and from partially purified chloroplasts of spinach (Spinacea oleracea). Hybridization of pNH1 to 0.5 g of partially pure chloroplast DNA (lanes 2, 3 and 5) and 5 g of total leaf DNA (lanes 1 and 4). DNA samples were digested with Hpa II (lanes 1 and 2), Hpa II ϩ EcoRI (lanes 3 and 4), and EcoRI (lane 5). Hybridization of pNH1 to Hpa II ϩ EcoRI restricted spinach total leaf DNA (lanes 6-11). Each lane contains 5 g of DNA isolated from an individual spinach plant. Arrowheads at the left of each part indicate molecular sizes of 9. 6, 6.4, 4.4, 2.3, and 2.0 kb. species from 6 families representing several major clades of flowering plants.
Materials and Methods

Isolation of Plant Nucleic Acids
Total DNA was isolated from plant leaf tissue as described by Scott and Possingham (1980) . In some cases, leaf tissue (200 mg) was frozen in liquid nitrogen and ground to a fine powder and then thawed in 1 ml of 0.1 M Tris-HCl (pH 7.2), 10 mM EDTA, and 2% sarkosyl. After incubation at 65ЊC for 15 min followed by a single phenol/chloroform/isoamyl alcohol extraction, the aqueous phase was brought to 1.5 M NaCl and 200 l loaded onto a 1-ml Sepharose CL-4B column (Sigma Chemical Co.) equilibrated with 1.5 M NaCl, 0.1 M Tris-HCl (pH 7.2), and 10 mM EDTA. The first 500 l of eluate was discarded, and DNA was collected in the next 700-l fraction. Nucleic acids were then precipitated with isopropanol and resuspended in TE. Partially purified chloroplast DNA was prepared from isolated chloroplasts as described by Palmer (1985) .
Hybridization of DNA
Southern hybridization conditions were as described by Scott and Timmis (1984) . Total DNA was digested with restriction endonucleases (BoehringerMannheim) as recommended by the manufacturer for 4-5 h with 5 U enzyme/g of DNA. After electrophoresis on 0.8% agarose gels, DNA was transferred (Southern 1975) to nitrocellulose filters (Schleicher and Schuell) which were then hybridized with 32 P-labeled DNA probes. Membranes were hybridized at 65ЊC in 4 ϫ SSC, 5 ϫ Denhardt's reagent, and 0.1% SDS with 100 g/ml of denatured sonicated salmon DNA and were then washed in 2 ϫ SSC and 0.1% SDS at 65ЊC for 30 min. Similar results were also obtained when higher washing stringencies were used, and both nuclear/chloroplast and chloroplast/chloroplast hybrid molecules have been shown to have very similar thermal denaturation properties (Scott and Timmis 1984) .
DNA Probes
DNA probes were labeled with 32 P-dCTP using a BresaTec (South Australia) oligolabeling kit. The following DNA fragments were used as probes: a 7.7-kb Pst I DNA fragment from the spinach plastid genome (Palmer and Thompson 1981) that encodes plastid genes psaA, psaB, psbC, and part of psbD; a 1.8-kb EcoRI fragment encoding the spinach rbcL gene (Zurawski et al. 1981 ); a 0.6-kb BamHI-EcoRI fragment that shows 99% homology to a portion of the spinach plastid psaA gene and 5Ј flanking region and is subsequently referred to as pNH1 (unpublished data); and pCU18, a plasmid containing the cucumber 25S and 18S ribosomal RNA genes in addition to the nontranscribed spacer region (Kavanagh and Timmis 1986) .
Results
The endonuclease Hpa II is a methylation sensitive restriction enzyme that recognizes the sequence CCGG, but will not cleave if the internal cytosine base is methylated. Digestion of total plant DNA with Hpa II results in extensive cleavage of the plastid genome, while the methylated nuclear genome remains essentially intact. Restriction digestion of total plant DNA with Hpa II ϩ EcoRI results in the plastid genome being reduced to a series of small Hpa II fragments, while the nuclear genome is cleaved into a series of generally larger EcoRI restriction fragments. Therefore, the plastid genome can be simply separated from the bulk of the nuclear genome by agarose gel electrophoresis.
Hybridization of pNH1, a 0.6-kb BamHI-EcoRI restriction fragment that shows 99% homology to a portion of the spinach plastid psaA gene and 5Ј flanking region, illustrates the differential digestion of nuclear and chloroplast DNA by Hpa II ( fig. 1 ). Lane 1 shows how a proportion of the hybridization signal produced by this probe remains essentially uncut by Hpa II, whereas four prominent fragments less than 4 kb in size are also hybridized. These latter fragments remain in Southern blots of purified chloroplast DNA (lane 2), but there is no sign of the unrestricted DNA. This control confirms that the cpDNA is unmethylated and therefore digestable by Hpa II, while the nDNA is highly methylated and rarely cleaved by the enzyme. Digestion of the Hpa II restricted DNA with EcoRI decreases the size of the cpDNA bands (lane 3) and digests the Hpa IIinsensitive nDNA into a range of discrete bands (lane 4). Digestion of cpDNA with EcoRI alone (lane 5) produces a major band and a minor band of approximately 6.2 kb and 2.5 kb, respectively. These hybridizations indicate that there is a large difference in Hpa II digestibility between nuclear and cpDNA and also suggest that digestion was very complete because of the lack of a range of higher-order fragments in the Hpa II and EcoRI lanes. Furthermore, these data validate the exploitation of the differential methylation states of pt and nDNA as a means of unambiguously distiguishing ptDNA-homologous nuclear sequences from bona fide ptDNA.
Southern hybridization of Hpa II and EcoRI digestion of total leaf DNA from six spinach plants showed that each individual contained a very similar but not identical set of nuclear EcoRI fragments ( fig. 1 , lanes 6-11). One plant in particular appeared to contain an additional fragment of approximately 9.6 kb, and there was some evidence that other fragments showed differential hybridization to the pNH1 probe. Further experiments were therefore performed to investigate the generality of occurrence of nuclear homologies to cpDNA probes and the heterogeneity of these sequences within and between cultivars and individual plants. To ensure that this heterogeneity was not the result of partial restriction enzyme digestion, the same Southern membrane was hybridized with a cloned fragment encoding the entire cucumber rRNA gene repeat unit (Kavanagh and Timmis 1986) . Plant rRNA genes are tandemly repeated within the plant genome, and therefore any evidence of partial digestion should be readily observed with this probe. Each plant produced an identical hybridization pattern to this probe (not shown), suggesting that differential partial digestion was not responsible for variation between DNA samples from different plants.
Hybridization of a 7.7-kb Pst I DNA fragment from the spinach plastid genome (Palmer and Thompson 1981) to a Southern blot of total cotton DNA digested with Hpa II ϩ EcoRI is shown in figure 2A . This 7.7-kb Pst I DNA fragment encodes several plastid genes, including psaA, psaB, psbC, and part of psbD. Homology between the ptDNA probe and the bona fide cotton plastid genome is evident as six strongly hybridized bands less than 2 kb in length. These fragments are the result of extensive digestion of the plastid genome by both Hpa II and EcoRI. An additional series of fainter hybridized bands larger than 2 kb are also present ( fig.  2A ) which represent EcoRI restriction fragments of the cotton nuclear genome that possess homology to the plastid probe. Examination of DNA from three individual plants of each of two cotton cultivars identifed no differences in hybridization pattern to this ptDNA probe ( fig. 2A ). Three plants from the cotton variety Siokara (not shown) also showed an identical spectrum of nuclear homologies.
Similar homogeneity of nuclear sequences with ptDNA homology was observed among individual tobacco plants ( fig. 2B, lanes 1-4) when the spinach plastid 7.7-kb Pst I DNA fragment was used as a probe. Each individual tobacco plant showed an identical spectrum of such sequences ( fig. 2B) . Hybridization of the spinach rbcL chloroplast gene (Zurawski et al. 1981) to the same Southern membrane again identified a homogeneous arrangement of promiscuous plastid sequences within the tobacco nuclear genome ( fig. 2C, lanes 1-4) . Hybridization of these two ptDNA probes to EcoRI restriction fragments of the bona fide tobacco plastid genome is seen in short exposures of autoradiographs of an EcoRI digest of total DNA ( fig. 2B and C, lane 5) . Upon Hpa II ϩ EcoRI restriction, a small proportion of these plastid EcoRI restriction fragments remains undigested by Hpa II, commensurate with the presence of large methylated tracts of contiguous ptDNA within the tobacco nuclear genome Timmis 1992a, 1992b) .
Individual plants of Chenopodium quinoa displayed homogeneity of nuclear sequences complementary to ptDNA. Hybridization of pNH1 produced an identical spectrum of complementary nuclear bands in Southern hybridizations among three members of the species (not shown). In this species, a dozen bands representing methylated nuclear sequences with ptDNA homology were evident, and all of these were conserved among three individual plants. We have not tested the possibility that tobacco and C. quinoa show heterogeneity at the cultivar or population level.
In contrast to the apparent uniformity of plastidlike nuclear sequences in the cotton genome, several other agricultural species showed a cultivar-specific spectrum of promiscuous ptDNA sequences in nDNA. Hybridization of pNH1 to pea total DNA identified relatively few nuclear sequences which were complementary to this plastid probe. However, the arrangement of these sequences was unique for six lines of pea that were examined ( fig. 2D, lanes 1-6) . Similarly, four cultivars of barley that were examined each contained a distinguishing spectrum of large-molecular-size fragments of presumed nuclear origin that were homologous to the spinach plastid 7.7-kb Pst I probe ( fig. 2E) , with one variety, Swift (lane 1), showing a particularly strong and diverse set of nuclear fragments hybridizing with the probe. Hybridization of pNH1 to DNA isolated from several individual plants of two of these cultivars showed no polymorphic variation. Individual cultivars of another cereal, wheat, possessed a unique pattern of nuclear restriction fragments which were complementary to specific ptDNA probes. Again no variation in hybridization pattern was observed between individual members of the same cultivar (not shown).
Initial characterization of ptDNA-like sequences in the nuclear genome of Beta vulgaris revealed a high level of heterogeneity of these sequences among different cultivars. Hybridization of pNH1 to Hpa II ϩ EcoRI-digested DNA from two beet cultivars (Cylindrica and Silverbeet) revealed the presence of many nuclear counterparts to this plastid probe in both varieties ( fig. 2F ). Although many of these nuclear integrants were found in restriction bands that were common to both cultivars, clear differences in the hybridization patterns of both varieties were also evident. There were also some discrete bands produced by Hpa II digestion alone which were markedly different for each variety ( fig. 2F, lanes 2 and 4) . Samples of DNA from eight individual B. vulgaris var. Crimson Globe plants each contained a unique restriction pattern of nuclear sequences that were complementary to pNH1 ( fig. 2G ) or to the spinach rbcL gene (not shown). Hybridization of a plant ribosomal repeat unit to this filter again showed no evidence that partial restriction of DNA was responsible for the variation in banding patterns between B. vulgaris varietal and individual plant DNAs.
Of the 10 plant species examined in this work for the presence of nuclear sequences with ptDNA homology, all contained some cpDNA-like nuclear sequences with the exception of Arabidopsis thaliana. This species has a very small nuclear genome compared with most other plant species (Meyerowitz 1992) . No sequence homology to the spinach plastid 7.7-kb Pst I DNA fragment could be detected ( fig. 2H, lanes 1-3) , while nuclear homologies could be readily detected in a similar loading of DNA from Tulbaghia violacea on the same Southern blot (fig. 2H, lane 4) . As the A. thaliana genome is approximately two orders of magnitude smaller than that of T. violacea (1 c ϭ 19.8 pg [Bennett and Smith 1976] ), about 100 times as many nuclear genomes of A. thaliana as those of T. violacea were present on the membrane, yet no nuclear complementary sequences were detected to this plastid probe.
The intravarietal variation in promiscuous DNA was further investigated in B. vulgaris var. Silverbeet, which appeared from figure 2F (lanes 1 and 2) to be particularly rich in such sequences. Substantial heterogenity between individual plants was observed ( fig. 3) for two different chloroplast probes. For both pNH1 and rbcL probes, many of the hybridized fragments were common to more than one plant DNA, but each DNA sample possessed additional bands that clearly distinguished that plant from every other. In addition to this polymorphic variation in hybridization pattern, quantitative differences were also apparent between plants. It is likely that bands common to two individual plant DNAs represent the same ptDNA insertion within the nuclear genome, as the fragments have the same size and are complementary to the same probe. Samples of DNA in figure 3A , lanes 3 and 4, each possess complementary nuclear fragments of 12.8 and 8.5 kb, respectively, which are marked with an asterisk in each lane. Laser densitometry of the autoradiograph showed that the 12.8-kb fragment in lane 4 has a radioactive signal intensity approximately three times that of the equivalent band in lane 3, while the DNAs show similar ratios for the 8.5-kb homology. This difference therefore cannot be ascribed to DNA loading differences, and significant quantitative variation in the integrants is indicated. These apparent quantitative differences may be the result of either deletion or amplification of preexisting nuclear integrants containing cpDNA or copy number differences arising from unequal crossing over within and between homologous DNA. Hybridization of the same membrane as in figure 3A with the spinach rbcL gene produced an analogous result. Each plant DNA again produced a unique spectrum of complementary nuclear restriction fragments ( fig. 3B, lanes 1-7) . These observations are not accounted for by partial digestion of either restriction enzyme, as hybridization with an rDNA probe gave clear evidence that digestion had reached completion and was identical in each sample ( fig. 3C) .
In view of the extreme polymorphism revealed between and within cultivars by these analyses of integrated plastid sequences, the stability of promiscuous DNA was investigated within a single plant. Surprisingly, Southern analysis of DNA prepared from different tissues of the same B. vulgaris plant revealed heterogenity in some cases. This is illustrated by differences in hybridization of pNH1 to DNA from leaf and petiole tissue of the same silverbeet plant ( fig. 4A) . A majority of the nuclear homologies were common to DNAs from the same plant; however, four bands of 3.4, 3, 1.8, and 1.6 kb were unique to leaf DNA ( fig. 4A, lane 1) , while two bands of 2.95 and 2.76 kb were found only in petiole tissue (fig. 4A, lane 3) . This was not a consistent finding, as no such differences in hybridization pattern could be detected between DNAs isolated from leaf and petiole tissue of a second plant (data not shown). Hybridization of the cucumber ribosomal repeat (pCU18) to this filter did not identify a difference in banding pattern between rDNAs prepared from the same plant ( fig. 4B) . No differential hybridization patterns were observed in Hpa II digestions of these tissue-specific DNAs ( fig. 4A, lanes 2 and 4) and the unique bands must therefore represent EcoRI restriction fragments.
Discussion
In this work, we have extended the observation of ptDNA sequence similarities within higher plant nuclear genomes with results suggesting the almost ubiquitous presence of these sequences. In spinach (this paper) and in tobacco Timmis 1992a, 1992b) , we have demonstrated the validity of using methylation-sensitive restriction enzymes to exploit the differential methylation states of pt and nDNA as a means of unambigously identifying nuclear sequences with ptDNA homology. In this study, a number of additional species (i.e., cotton, tobacco, spinach, and beet) were shown to contain Hpa II ϩ EcoRI restriction fragments homologous to ptDNA that were larger than the bona fide plastid EcoRI restriction fragments. These larger fragments cannot be derived from ptDNA regardless of its methylation state.
Partial restriction as a means of generating fragments apparently resistant to Hpa II restriction or, alternatively, giving rise to differential hybridization patterns between plant DNAs can also be excluded from this study. Hybridization analysis of cotton, tobacco, and C. quinoa DNAs identifed no intraspecific variation in DNA hybridization patterns, indicating that partial DNA restriction was not evident. Cultivar-specific hybridization patterns were observed among wheat and barley lines; however, individual plant DNAs within a cultivar showed identical hybridization patterns, again indictitative of complete enzyme restriction. Unique hybridization patterns were observed for individual plant DNAs of both spinach and beet when ptDNA probes were used; however, identical hybridization patterns were obtained using an rDNA probe, confirming that digestion was complete.
The only species in which nuclear sequences with plastid homology could not be detected was A. thaliana, which has a small nuclear genome, atypical of most plant species. These promiscuous plastid sequences have been shown to be arranged homogeneously in the nuclear genomes of some plants but are remarkably heterogeneous in others. The variation observed in these sequence arrangements between individual plants of the same variety of B. vulgaris is as great as, or greater than, that in pooled DNA from different cultivars. In contrast, morphologically diverse varieties of G. hirsutum show apparent genetic uniformity of chloroplast DNA-like nuclear integrants.
Only two plant species demonstrated variability of these nuclear sequences of plastid origin at an individual plant level: Spinacea oleracea and B. vulgaris. Spinacea oleracea is an obligate outbreeder and is dioecious (Allard 1960; Simmonds 1976; Richards 1986) , and outcrossing normally occurs in B. vulgaris, which has a genetic incompatability system preventing inbreeding (Lundquist et al. 1973) . The other plant species examined are all self-pollinating plants (Allard 1960; Simmonds 1971 Simmonds , 1976 . The sequence variability observed in S. oleracea and B. vulgaris may therefore reflect the diversity of the gene pool from which these species were derived. If this is so, the diversity must have been maintained by outbreeding, even within the selection lines which have led to named varieties. The remaining plant types, most of which are crop plants, have clearly tended toward genetic homogenity for these nuclear integrants by prolonged self-fertilization.
Variation between cultivars for these nuclear integrants is present in H. vulgare but absent in G. hirsutum, although both of these species are predominantly inbreeders. This contrasting result is likely to reflect the age of the divergence of the different plant lines in each species and the diversity of the gene pool from which they were selected. Similar variability of nuclear sequences complementary to either ptDNA or mitochondrial (mt)DNA has been observed among different cultivars of rice (Kanazawa et al. 1993; Kishimoto et al. 1994) . It is possible that some promiscuous sequence polymorphisms existing between plant cultivars could have arisen from integration events subsequent to the selection of the cultivars. A large proportion of nuclear sequences homologous to pt or nDNA show dominant inheritance in rice intercultivar crosses rice, (Kanazawa et al. 1993; Kishimoto et al. 1994) , rather than the codominant inheritance that is characteristic of most nuclear polymorphic markers. This indicates that the rice varieties are hemizygous for many of these sequences and suggests contemporary, or nearly contemporary, integration or deletion events. Mapping studies of rice reveal that the promiscuous insertions are distributed throughout the genome, although they cluster at particular genomic locations, suggesting prefered nuclear integration (or inefficient excision) sites of pt and nDNA in rice (Kanazawa et al. 1993; Kishimoto et al. 1994) .
The variation in nuclear sequences with ptDNA homology between tissues of B. vulgaris could be the result of genomic rearrangement of nuclear/plastid sequence homologies within somatic cells. These sequences are likely to be dispersed throughout the plant genome, and their somatic variation suggests that they have integrated into hypervariable regions of the genome. Transfected sequences that integrate into mammalian genomes commonly show temporary instability, and occasionally this instability is continuous (for review see Murnane 1990) . It is unlikely that the observed variation is the result of differing amounts of ptDNA being present in each tissue DNA preparation, as both DNAs contain bands that are unique. A ptDNA polymorphism existing between different plant tissues could offer an explanation for these results, but this is also unlikely given the number of bands involved and their Hpa II-resistant character. The number of different bands involved also suggests that simple base substitutions creating or destroying restriction sites are not the cause of these observations. Developmental differences in methylation may account for the observations of somatic variability.
The lack of promiscuous ptDNA in the A. thaliana ptDNA suggests that it may be located predominantly in noncoding or repetitive regions of the nuclear genome, as these are found at unusually low levels in A. thaliana (Meyerowitz and Priutt 1985) . Consequently, any insertions of promiscuous DNA into the genome of Arabidopsis may be under strong negative selection pressure, because integrants would be expected to interrupt essential genes more often than in most other plants. Alternatively, the extremely small size of the Arabidopsis genome may reflect an undefined stringent mechanism for the removal of the families of repetitious or noncoding DNAs which have been able to accumulate in many species. The apparent lack of chloroplastlike integrants in nDNA of Arabidopsis contrasts with the results of computer-based sequence comparisons (Blanchard and Schmidt 1995) which revealed five nuclear sequences with similarity to cpDNA. These ranged from 79 to 596 bp in length, and the longer ones would be expected to be detected by our experimental protocol. We conclude that lengthy integrants are generally rare and are probably nonexistent in the cases of the particular probes we used in this study. Alternatively, the distinction between nuclear and chloroplast DNA methylation levels may be less in Arabidopsis than in most other species, such that the two types of DNA are not resolved by our approach.
In earlier experiments, we clearly demonstrated that the methylated DNA is of nuclear origin Timmis 1992a, 1992b) . There is a very low level of digestion of nDNA by Hpa II on its own in all species examined (e.g., Fig. 2F, lanes 2 and 4; fig. 4A and B, lanes 2 and 4) indicating that there are very few electrophoretically resolvable nuclear fragments with two Hpa II ends. We therefore conclude that the variation in EcoRI ϩ Hpa II patterns between plants and cultivars observed within some species is predominantly due to EcoRI restriction site polymorphisms. However, in all cases, there remains a possibility that this heterogeneity is caused by variation in methylation at rare-cutting Hpa II sites which, on double digestion, give rise to variable bands with Hpa II and EcoRI ends. In this case, the polymorphic DNA would be ascribed to modification rather than to quantitative and qualitative sequence variability.
At least one promiscuous plastid sequence has been shown to be amplified and deleted 10,000-fold during rice cell differentiation and dedifferentiation (Kikuchi, Takaiwa, and Oono 1987) , and flanking sequences were apparently involved. Two sequences present as dispersed repeats within both the nuclear and mitochondrial genomes of Cucumis melo are dramatically reduced in copy number during tissue culture, this copy number being only 10% in long-term callus culture compared with the original plant material (Grisvard et al. 1990) .
The difference in hybridization patterns of these DNAs may be the result of ongoing transposition of plastid sequences to the nucleus. If this is the case, these results suggest that plastid sequences are being transposed to the nucleus at a very high frequency. For yeast, it has been demonstrated that DNA can ''escape'' from the mitochondrion to the nucleus at a frequency of 2 ϫ 10 Ϫ5 per cell per generation (Thorsness and Fox 1990 ). The nuclear background also affected the rate of mitochondrial gene transfer and, by analogy, could explain the observed heterogenity of these sequences in some plants but not in others.
PtDNA probes appear to be capable of distinguishing between varieties of certain commercial crops that cannot be easily identified morphologically. The major criterion for a useful plant DNA fingerprinting probe is that it must be capable of distinguishing between plant species in addition to different varieties within the species. A universal probe capable of DNA fingerprinting a wide range of species would be advantageous. For some plant species, exemplified by H. vulgare, T. aestivum, and P. sativum, plastid sequence homologies within the nuclear genome may act as suitable target sequences for cultivar identification. In other genetic systems, similar to those of B. vulgaris and S. oleracea, these sequences may provide an index of genomic diversity within a plant population.
